A S Petrides, … , C A Riely, R A DeFronzo J Clin Invest. 1991;88(2):561-570. https://doi.org/10.1172/JCI115340. Insulin secretion and insulin sensitivity were evaluated in eight clinically stable cirrhotic patients and in 12 controls. OGTT was normal in cirrhotics but plasma insulin response was increased approximately twofold compared with controls. Subjects received a three-step (0.1, 0.5, 1.0 mU/kg.min) euglycemic insulin clamp with indirect calorimetry, [6-3H]-glucose, and [1-14C]-palmitate. During the two highest insulin infusion steps glucose uptake was impaired (3.33 +/-0.31 vs. 5.06 +/-0.40 mg/kg.min, P less than 0.01, and 6.09 +/-0.50 vs. 7.95 +/-0.52 mg/kg.min, P less than 0.01). Stimulation of glucose oxidation by insulin was normal; in contrast, nonoxidative glucose disposal (i.e., glycogen synthesis) was markedly reduced. Fasting (r = -0.553, P less than 0.01) and glucose-stimulated (r = -0.592, P less than 0.01) plasma insulin concentration correlated inversely with the severity of insulin resistance. Basal hepatic glucose production was normal in cirrhotics and suppressed normally with insulin. In postabsorptive state, plasma FFA conc (933 +/-42 vs. 711 +/-44 mumol/liter, P less than 0.01) and FFA turnover (9.08 +/-1.20 vs. 6.03 +/-0.53 mumol/kg.min, P less than 0.01) were elevated in cirrhotics despite basal hyperinsulinemia; basal FFA oxidation was similar in cirrhotic and control subjects. With low-dose insulin infusion, plasma FFA oxidation and turnover failed to suppress normally in cirrhotics. During the two higher insulin infusion steps, all parameters […]
Introduction
The majority of patients with cirrhosis develop glucose intolerance and some 10-15% develop overt diabetes mellitus (1, 2) . Because most of these patients exhibit increased peripheral plasma insulin levels (3, 4) , the presence of resistance to the action of insulin has been suggested and this has been documented in several recent studies (5) (6) (7) (8) . However, the etiology of the defect(s) in insulin-mediated glucose metabolism in cirrhosis have yet to be defined. From the quantitative standpoint the liver and peripheral (muscle) tissues represent the two most important organs responsible for insulin action on overall glucose homeostasis in man (9, 10) . During euglycemic insulin clamp studies 80-85% of the infused glucose is taken up by muscle (9) . Using this technique, total body glucose uptake has been shown to be reduced by 40-50% in cirrhotic subjects when examined at high physiologic insulin levels (5) (6) (7) (8) . The mechanism (i.e., oxidative versus nonoxidative disposal), however, ofthe impairment ofinsulin action in cirrhosis remains to be defined.
The ability ofhigh physiologic (> 55 AsU/ml) (7, 11) orpharmacological (7) plasma insulin concentrations to suppress hepatic glucose production (HGP)' has been shown to be normal in cirrhosis. However, the suppression of HGP is essentially complete at plasma insulin levels > 50-60 gU/ml and an increment of only [5] [6] [7] [8] [9] [10] IuU/ml has been shown to cause a 40-60% decline in hepatic glucose output (10) . To our knowledge, no one has examined the effect ofinsulin on HGP within the physiologic range in patients with cirrhosis.
With respect to insulin-mediated glucose uptake by peripheral tissues, it is possible that a shift in substrate utilization from glucose to lipid, i.e., the Randle cycle (12) is responsible for the defect in insulin action. Plasma free fatty acid (FFA) levels and lipid oxidation rates have been reported to be increased in cirrhosis (13) (14) (15) and it is possible that an increased rate of lipid oxidation is responsible, in part, for the impairment in insulin-mediated glucose disposal.
In the present study we have employed the euglycemic clamp technique in combination with indirect calorimetry and infusion of [6-3H]-glucose and [1-14C]-palmitate to examine the effects ofphysiologic increments in the plasma insulin concentration on oxidative and nonoxidative glucose disposal, suppression of HGP, and plasma FFA turnover. The studies were carried out in cirrhotic patients who had mild to moderate hepatic insufficiency (Child A) and whose condition was stable in order to exclude changes in nutritional intake and total body composition; in addition, we measured lean body mass which primarily reflects muscle, the tissue which is responsible for glucose disposal under hyperinsulinemic conditions. Our results indicate that both insulin-mediated suppression ofplasma FFA turnover/oxidation and stimulation of glucose disposal are impaired in cirrhosis but that these two defects are unrelated.
Methods

Experimental protocol
Each subject participated in two studies which were performed within a Subjects 4-7-d interval. Eight cirrhotic patients (four male, four female) were studied. Their physical characteristics, Child's classification ( 16) , diagnosis, and labo-ORAL GLUCOSE TOLERANCE TEST ratory data are displayed in Table I . In seven patients the diagnosis was After a 10-12-h overnight fast, a 75-g oral glucose load was given at confirmed by biopsy, whereas in one patient (No. 4) the diagnosis was 0800 h and blood was taken at -20, -10, -5, 0, 30, 60, 90, and 120 based upon clinical grounds. As documented by long-term followup min for determination ofplasma glucose, insulin, and FFA concentra-(2-10 yr) all patients were in stable condition according to the follow-tions. At time 0 of the oral glucose tolerance test (OGTT), 10 ml of ing criteria: no evidence ofascites or peripheral edema and no gastroin-blood was drawn and a bolus injection of60 ACi of3H20 (New England testinal bleeding for at least 1 yr. Serum sodium, potassium, and creati-Nuclear, Boston, MA) was administered. At 80, 100, and 120 min after nine concentrations were normal in all patients. No patients were tak-the bolus injection, when steady-state conditions were achieved, 5 ml ing any medications at the time ofthe study. All patients were engaged of blood was drawn for analysis of 3H20 radioactivity and used to in normal physical activity and were neither excessively sedentary or determine lean body mass. active. All subjects ingested a balanced diet (50% carbohydrates, 35% fat, and 15% protein), containing at least 200 g of carbohydrates per EUGLYCEMIC INSULIN CLAMP STUDY day, for 3 d before study. Patients with cirrhosis due to excessive alco-All studies were performed at 0800 h after a 10-12-h overnight fast. hol consumption had been offalcohol for at least 1 yr. 12 subjects (eight Before study, one catheter was placed into an antecubital vein for the males, four females), matched for age and body weight served as con-infusion of all test substances; a second catheter was inserted retrogratrols (Table I) . None ofthe subjects had any history ofdiabetes or major dely into a wrist vein for blood sampling. The hand then was inserted organ disease other than hepatic cirrhosis. Before their participation, into a heated box (70°C) to achieve arterialization ofvenous blood. At the nature, purpose, and risks ofthe study were explained to all subjects 0800 h prime continuous infusions of [ were begun and continued until the end ofthe insulin clamp study. The labeled FFA was supplied in toluene and, after drying under nitrogen, it was resuspended in 25% human serum albumin. To prime the bicarbonate pool, a bolus injection of [I-'4C]-bicarbonate (3.7 'sCi) (New England Nuclear) also was given at the beginning ofthe study. During the basal period and during the last 30 min ofeach insulin clamp step, when substrate and isotopic steady-state conditions were achieved, plasma samples were drawn every 5 min for determination oftritiated glucose and '4C-FFA specific activity. Steady-state conditions of '4Cpalmitate were achieved during the last 30 min ofeach insulin infusion step.
Respiratory gas exchange measurements
For 60 min before initiation of the three-step insulin clamp study and during the last 60 min of each step, continuous indirect calorimetry was performed as previously described (9) . A transparent plastic ventilated hood was placed over the head of the subject and made airtight around the neck. A slight negative pressure was maintained in the hood to avoid loss ofexpired air. Ventilation was measured by means ofa dry gas meter (American Meter Division, Singer Co., Philadelphia, PA). A constant fraction of the air flowing out of the hood was automatically collected for analysis. The oxygen content was continuously measured by electrochemical analysis (model S-3A oxygen analyzer, Applied Electrochemistry, Inc., Sunnyvale, CA) and carbon dioxide content by an infrared analyzer (model CD 3A Carbon Dioxide analyzer, Applied Electrochemistry, Inc.). The amount of protein oxidized during the study was calculated from the urinary nitrogen excretion ( 18) .
EXPIRED AIR COLLECTION
The rate of plasma FFA oxidation was calculated from the specific activity of expired CO2 during the [1-'4C]-palmitate infusion (see below). Expired air samples were collected at 5-min intervals during the last 20 min of the baseline period and each clamp step and bubbled through a carbon dioxide trapping solution (hyamine hydroxide:absolute ethanol:0. 1% phenolphthalein, 3:5:1). The solution was titrated to trap 1 mmol of CO2 per 3 ml of solution. The "C-radioactivity was subsequently determined using a Tricarb Scintillation Counter (Packard Instrument Co., Inc., Downers Grove, IL) and the expired '4CO2 specific activity calculated. Total '4C02 expired per minute was determined by multiplying the '4CO2 specific activity by the total amount of CO2 produced as measured by indirect calorimetry.
ANALYTICAL DETERMINATIONS
Plasma glucose concentration was determined by the glucose oxidase method on a Glucose Analyzer II (Beckman Instruments, Inc., Fullerton, CA). Methods for determination of plasma tritiated glucose and plasma tritiated water specific activities have been published previously (19, 20) . Plasma insulin (21) , glucagon (22) , and growth hormone (23) concentrations were measured by specific radioimmunoassays. Plasma epinephrine and norepinephrine concentrations were measured by a radioenzymatic method (24) . Urinary nitrogen excretion was determined by the method of Kjeldahl (18) . Plasma FFA concentrations were measured by the microfluorometric method of Miles et al. (25) .
For the determination of '4C-FFA specific activity, 1.5 ml of plasma was extracted with 10 ml ofDoles solution. FFA were isolated from the lipid phase using 0.02 N NaOH and reextracted after acidification with heptane. The heptane extraction was repeated three times and 90% of the radioactivity was recovered in the heptane phase. The extracts were dissolved in Scintiverse scintillation liquid and counted in a Tricarb Scintillation Counter (model 320; Packard Instrument Co., Inc.).
CALCULATIONS
Glucose and insulin metabolism. During the stepwise insulin clamp studies, the glucose infusion rate was determined by calculating the mean value observed during selected time intervals. For data presentation, the mean ofthe last 60 min ofeach insulin infusion step was used.
Total glucose metabolism was calculated by adding the mean rate of endogenous glucose production during the last 60 min of each insulin infusion step to the mean glucose infusion rate during the same period. In all studies, a steady-state plateau oftritiated glucose specific activity was achieved during the 30 min before starating the insulin clamp. Glucose production in the basal state was determined by dividing the [6-3H]-glucose infusion rate by the steady-state plateau of [6-3H]glucose specific activity achieved during the last 30 min ofthe preinsulin infusion control period. After glucose/insulin administration, a nonsteady-state condition in glucose specific activity exists and hepatic glucose production was calculated by using Steele's equations in their derivative form (26) ; this permits the evaluation ofcontinuous changes in the rates ofglucose turnover. The value of0.65 was used as the pool fraction in the present calculations (27) . Negative numbers for hepatic glucose production, which were observed in 10 of 12 control subjects and 4 of 8 cirrhotic subjects during the 1 mU/minkg insulin clamp study, were treated as zero. The rate of endogenous glucose production was calculated by substracting the glucose infusion rate from the rate of glucose appearance (Ra), as determined by the isotopic tracer technique.
Glucose oxidation was calculated from continuous calorimetric measurements during the last 40 min in the basal state and during the last 40 min of each insulin infusion step, as previously described (28) and are expressed in milligrams per kilogramminute. Nonoxidative glucose disposal was calculated by substracting the rate ofglucose oxidation from the rate oftotal body glucose uptake. The metabolic clearance rate of insulin was calculated by dividing the insulin infusion rate by the increment in plasma insulin concentration above baseline.
Lipidmetabolism. Total lipid oxidation was calculated from continuous indirect calorimetric measurements in the basal state and during the last 40 min of each insulin step as previously described (28) . To allow direct comparison with '4C-FFA oxidation, total lipid oxidation (in milligrams) has been converted to moles by dividing by the molecular weight ofpalmitate (mol wt 256). Because palmitoyl-oleyl-steatoryltriglyceride contains glycerol, total lipid oxidation, expressed as oxidation of FFA, will be overestimated. The difference would be < 4% if pure palmitate and < 1% if pure oleate were oxidized. Energy expenditure was calculated as described in reference 29.
Plasma FFA concentration and turnover. The plasma FFA concentration and specific activity were constant during the last 30 min ofthe basal equilibration period and during the last 40 min of each insulin clamp stem. Therefore, steady-state conditions were assumed to calculate rates of FFA turnover. Palmitic acid accounts for -30% of the total FFA pool, and this percentage is independent of the total plasma FFA concentration (30) . Because palmitate has been shown to be representative of other long-chain fatty acids in healthy man (30, 31) and in cirrhotic patients (13) , the fractional turnover of palmitate can be assumed to be similar to that of total FFA. Therefore, labeled palmitate can be used to trace the total FFA fraction when studying whole-body FFA turnover. The total rate ofplasma FFA turnover was calculated as the palmitate infusion rate divided by the steady-state plasma FFA specific activity and is expressed as micromoles per kilogram . minute. It should be noted that the present tracer '4C-palmitate infusion protocol differed significantly from that employed by previous investigators (32, 33) . To achieve a steady state of '4C02 specific activity in expired air more quickly, we administered a bolus ofpalmitate and primed the bicarbonate pool with ['4C]-NaHCO3 (34) . A steady-state plateau of plasma ['4C]-FFA and '4C02 specific activity was achieved during the basal state and during the last 40 min ofeach insulin clamp step. Therefore, we have used steady-state kinetics in the calculation of both the rate of plasma FFA turnover and the rate of plasma FFA oxidation.
The rate of oxidation of plasma FFA in the basal state and during the euglycemic insulin clamp was calculated from the '4(-radioactivity in expired CO2 divided by the product of the plasma specific activity and a factor k which takes into account the incomplete recovery of labeled '4CO2 from the bicarbonate pool (32, 34) . Thus, the plasma FFA oxidation rate (micromoles per kilogram* minute) equals: (SA CO2) X VCOJk X (SA '4C-FFA), where SA '4CO2 is the specific activity ofCO2 in expired air; VCO2 is the total CO2 production, SA '4C-FFA is the specific activity of '4C-FFA in plasma, and k = 0.81. Nonoxidative FFA disposal, which serves as a measure ofreesterification ofFFA, was calculated as the difference between plasma total FFA turnover and plasma FFA oxidation (35) . Lean body mass. Total body water (TBW) was calculated from the dilution ofthe bolus oftritiated water (20, 36) as follows: TBW = 3H20 bolus (dpm)/3H20 concentration in plasma, where plasma water is assumed to represent 93% of plasma volume. Lean body mass (LBM) is then estimated as follows: LBM = TBW/0.73, where 0.73 is the ratio of TBW to LBM.
Statistical analysis. All data are presented as the mean±SEM. The significance of difference between the two groups was assessed using analysis of variance.
Results
Patient characteristics (Table I) . Lean body mass, fat free mass, and ideal body weight (based upon medium framed individuals from the 1983 Metropolitan Life Insurance Tables) were similar in cirrhotic and control individuals (Table I) .
OGTT (Fig. 1 ). Cirrhotic patients as a group had slightly, although not significantly higher plasma glucose levels during the OGTT than controls. Both the fasting (P < 0.01) and postglucose (P < 0.01) plasma insulin levels were markedly elevated in the cirrhotic group. Fasting plasma FFA levels were significantly elevated in cirrhotic patients but suppressed normally after oral glucose ingestion ( Fig. 1 ). There was no relationship between the basal plasma FFA concentration and either the fasting insulin level or the insulin concentration during the OGTT.
Plasma substrate and hormone concentrations during the insulin clamp. The fasting plasma glucose concentrations were similar in cirrhotic and control subjects (88±6 vs. 89±4 mg/dl) and were maintained close to the basal level during the threestep insulin clamp in both groups with coefficients of variation of 3.9±0.5% and 3.7±0.5%, respectively. Cirrhotic patients exhibited fasting hyperinsulinemia (16±4 vs. 7±1 ,uU/ml, P < 0.02) but the increment in plasma insulin concentration during each of the three insulin clamp steps was similar in both groups (Fig. 2) . Consequently, there was no difference in the metabolic clearance rate of insulin between cirrhotic and control groups during any of the insulin clamp steps.
Plasma glucagon, norepinephrine, epinephrine, and growth hormone concentrations. Basal plasma glucagon concentration was slightly but not significantly elevated in cirrhotic versus control subjects (205±87 vs. 90±12 pg/ml, P = NS). During the 1 mU/kgmin insulin clamp study the absolute plasma glucagon concentration decreased by 20% in both groups (160±80 vs. 72±15 pg/ml). The plasma norepinephrine concentrations during the postabsorptive state (335±49 vs. 185±18 pg/ml) and during the 1 mU/kg min insulin clamp step (395±81 vs. 235±30 pg/ml) were significantly higher (P < 0.01) in cirrhotic than in control subjects. Plasma epinephrine concentrations during the basal state (25±5 vs. 28±4 pg/ ml) and 1 mU/kg-min insulin clamp step were similar in cirrhotic and control subjects. Plasma growth hormone concentration could only be obtained in the basal period and was similar in cirrhotic and control subjects (1.3±0.2 vs. 1.7±0.2 ng/ml).
Glucose metabolism. In the basal state the rate oftotal body glucose disposal equals the rate of glucose appearance (HGP) and was similar in the cirrhotic (1.74±0.07 mg/kgmin) and control (1.92±0.09 mg/kgmin) subjects. There was no significant enhancement of glucose uptake during the 0.1 mU/ kg min insulin clamp in either the control or cirrhotic group. During the two higher insulin infusion steps total body glucose uptake was significantly impaired in cirrhotic versus control subjects (0.5 mU/kg . min: 3.33±0.31 vs. 5.06±0.40 mg/ kg min, P < 0.01; 1 mU/kgmin: 6.09±0.50 vs. 7.95±0.50 mg/kg * min, P < 0.01; Fig. 2 ).
The rate of glucose oxidation in the postabsorptive state was 1.25±0.15 mg/kg . min in cirrhotic patients and 1.24±0.19 mg/kg . min in controls (P = NS, Fig. 3 ). No increase in glucose oxidation was observed in either cirrhotic or control subjects during low-dose insulin infusion. During the 0.5 and 1.0 mU/ kgmin insulin clamp studies the increase in glucose oxidation was similar in cirrhotic and control subjects ( Fig. 3 ). Nonoxidative glucose disposal (NOGD) was similar in cirrhotic and control subjects during the basal state and failed to increase during the 0.1 mU/kgmin insulin clamp. During both the 0.5 mU/ steps NOGD was significantly decreased in cirrhotic compared to control subjects (P < 0.01) and completely accounted for the defect in total body insulin-mediated glucose uptake. Basal HGP, as well as HGP during each ofthe three insulin clamp steps, was similar in cirrhotic and control subjects (Fig.  4) . The mean insulin response during OGTT was inversely correlated with the rate of total body glucose disposal during the 0.5 mU/kg. min (r = -0.64), P < 0.05) and 1.0 mU/ kg. min (r = -0.58, P < 0.01) insulin clamp steps (Fig. 5 ). The fasting plasma insulin concentration also was inversely correlated with the rate oftotal body glucose disposal during the 0.5 mU/kg. min (r = -0.53, P < 0.05) and 1.0 mU/kg min (r = -0.51, P < 0.05) insulin clamp steps.
Plasma FFA concentration, turnover, and oxidation. In the basal state, the plasma FFA concentration was significantly elevated in cirrhotic versus control individuals (933±42 vs. 711±44 Amol/liter, P < 0.01, Fig. 6 ). In response to low-dose insulin infusion, the plasma FFA concentration declined by a similar amount in both cirrhotics and controls but the absolute levels remained higher in the cirrhotic group (566±88 vs. 351±34 Amol/liter, P < 0.02, Fig. 6 ). At the two higher insulin concentrations circulating FFA levels were suppressed to the same extent in both groups. The plasma FFA turnover rate mirrored the behavior of the plasma FFA concentration (Fig.  6 ). In cirrhotics, the basal FFA turnover rate was significantly increased (9.08±1.2 vs. 6.03+0.53 gmol/kgmin, P < 0.01).
During the lowest dose insulin infusion the decrement in
Glucose Oxidation plasma FFA turnover in cirrhotic and control subjects was similar but the absolute values remained higher in the former (6.15±0.91 vs. 3.51±0. 41 Amol/kg * min, P < 0.02). At the two higher insulin infusion rates, FFA turnover decreased to similar levels in cirrhotic and control subjects ( Fig. 6 ). There was no difference in the plasma FFA oxidation rate in the postabsorptive period between the cirrhotic and the control group (1.90±0.26 vs. 1.74±0.14 ,mol/kg* min, P = NS). During the lower insulin infusion step insulin failed to suppress FFA oxidation normally in the cirrhotic patients (14% decline from baseline in cirrhotics vs. 39% in controls, P < 0.05, Fig. 6 ). At the two higher insulin infusion rates, suppression of plasma FFA oxidation was similar in both groups. In the basal state, 7.18±0.97 gmol/kgmin or 80% oftotal plasma FFA turnover in cirrhotics compared to 4.28±0.55 ,umol/kg. min or 70% in controls was metabolized by nonoxidative pathways indicating that reesterification plays a major role in FFA removal in both groups in the postabsorptive state ( Fig. 6 ). When viewed in absolute terms the cirrhotic subjects showed an increased rate of nonoxidative FFA disposal in the basal state and during low-dose insulin infusion (P < 0.01, Fig. 6 ). During the two higher insulin infusion rates, nonoxidative FFA disposal was similar in both groups.
Total body lipid oxidation. In the basal state no difference in total body lipid oxidation (indirect calorimetry) was observed between cirrhotic and control subjects (3.40±0.47 vs.
3.32±0. 43 ,mol/kgmin, P = NS, Fig. 7 ). In both cirrhotic and control groups the rate oftotal body lipid oxidation was -40-50% greater than could be accounted for by the rate of plasma oxidation. Total lipid oxidation remained unchanged during the lowest insulin infusion step and declined similarly in both groups during the two higher insulin infusions.
Protein oxidation, respiratory quotient, and energy expenditure. The rate of protein oxidation (0.59±0. 10 vs. 0.68±0.06 mg/kg-min), the nonprotein respiratory quotient (NPRQ) (0.82±0.05 vs. 0.84±0.10) and energy expenditure (16.1±0.6 vs. 15.9±0.5 cal/kg-min) in the basal state was similar in cirrhotic and control subjects. During the 1.0 mU/kg. min insulin clamp study, the NPRQ increased to 0.93±0.08 vs. 0.93±0.08, respectively, in cirrhotics and controls while the rate of energy expenditure rose to 18.0±0.9 vs. 17.3±0.6 cal/ kg min (all P = NS).
Discussion
Cirrhotic patients manifest glucose intolerance (1, 2) , an abnormal plasma lipid profile (13) (14) (15) , and impaired insulin-mediated glucose disposal (5) (6) (7) (8) . However, none ofthese previous studies attempted to examine whether the disturbances in glucose and lipid metabolism were related, nor did they examine the lower, more physiologic portion ofthe plasma insulin (10-50 ,uU/ml) dose response curve where the suppressive effect of insulin on hepatic glucose production and FFA turnover are maximal. Moreover, most ofthese earlier studies failed to take into account the severity of the liver disease, alterations in dietary intake, and body composition (13, 37) . To circumvent these problems, we studied cirrhotic individuals in clinically stable condition with mild to moderate liver disease (Child A classification). We also measured lean body mass, which primarily reflects muscle, the tissue responsible for the majority of glucose disposal during hyperinsulinemic euglycemic conditions (10, 38) . No patient had evidence of fluid retention or other signs of hepatic decompensation. An exercise history revealed all subjects to be normally active. A dietary history documented that all subjects were consuming a balanced, weight maintaining diet during the 2-3-mo period before study.
In the most general sense the maintenance of normal glucose tolerance is dependent upon three mechanisms that must occur in a tightly coordinated fashion: (a) secretion of insulin by the pancreatic beta cells; (b) suppression of HGP; and (c) insulin-mediated stimulation of glucose uptake by peripheral tissues, primarily muscle (9) . During the OGTT the plasma insulin response in cirrhotic subjects was twofold greater than in controls, suggesting that insulin secretion is enhanced and/ or impaired hepatic insulin degradation or portasystemic shunting of insulin are present. The markedly elevated plasma insulin levels in the face of normal glucose tolerance provides indirect evidence for the presence of insulin resistance.
The two major insulin-sensitive tissues which are responsible for the maintenance of normal glucose tolerance are the liver and muscle (10, 38) . These tissues display very different dose-response characteristics with the l/2 V. for suppression of HGP being much less than that for stimulation of tissue glucose uptake (28) . Because the insulin levels employed in previous studies (7, 11) were above those that produce a 80-90% suppression ofhepatic glucose output, a defect ofinsulin's effect on HGP could have been overlooked. In the present study we employed lower, more physiologic insulin infusion rates to examine hepatic sensitivity in. cirrhotic patients. During all three insulin clamp steps HGP suppressed normally in the cirrhotic group. From Fig. 4 it can be appreciated that an increment in plasma insulin conc ofonly 5-10 gU/ml caused a 50% suppression of hepatic glucose output in the cirrhotic subjects despite higher circulating plasma glucagon levels. These results indicate that hepatic sensitivity to insulin is not impaired in patients with mild to moderate cirrhosis.
Although, some concern has been raised about the use of tritiated glucose to quantitate rates of glucose appearance and disappearance under nonsteady-state conditions (34, (39) (40) (41) (42) (43) (44) , we do not believe that this could lead to a significant quantitative or qualitative error in estimating hepatic glucose production during the low-dose insulin infusion (0.1 mU/kg. min). In previously published studies (41) , as well as in unpublished observations, we have shown that the tracer closely approximates the rate of total body Ra and Rd when the glucose metabolic rate does not exceed -4 mg/kgmin. During the 0.1 mU/kgmin insulin clamp study, total glucose metabolism did not increase above the basal value. Consequently, one would not expect any error in quantitation of total body R. and Rd, and the rate of hepatic glucose production would be estimated quite precisely. Because the 0.1 mU/kg-min insulin infusion rate produced an increment in the peripheral plasma insulin conc (mean±6 AU/ml) which is close to the ED 50 (5-6 AU/ml) for the suppression of hepatic glucose production (28), it is unlikely that our conclusion concerning normal hepatic sensitivity to insulin can be in error. During the two higher insulin infusion rates, when the total body glucose metabolic rate increased to values in excess of 4 mg/kg min, the true Ra could be slightly underestimated. However, this would only make the suppression of HGP by insulin appear to be more resistant in the cirrhotic group, and this would only enhance our conclusion that hepatic sensitivity to insulin (at least with regard to suppression of HGP) is not impaired in cirrhosis. Basal rates of HGP were similar in cirrhotic and control subjects (Fig. 4) . Although some investigators have reported a decrease in basal HGP in cirrhosis (1 1, 37 ), we believe that this most likely reflects an alteration in nutritional balance and associated decrease in lean body mass and/or a diminished glycogen content of the liver related to the more advanced degree of hepatic decompensation (37) . It could be argued that a normal rate ofbasal HGP in the presence of fasting hyperinsulinemia reflects the presence ofhepatic insulin resistance. However, it is quite possible that the peripheral hyperinsulinemia, at least in part, results from portocaval/intrahepatic shunting (45, 46) and that the insulin concentration that the liver actually sees is diminished. Therefore, we do not wish to overinterpret these results.
In both man (47, 48) and animals (48, 49) , under conditions ofeuglycemic hyperinsulinemia the majority, 80-90%, of infused glucose is taken up by muscle (10, 38) . The liver and splanchnic tissues, like the brain, are insensitive to insulin, at least with respect to stimulation of glucose uptake (47) (48) (49) . Because adipose tissue accounts for the disposal of < 1-2% of an intravenous or oral glucose load (50) (51) (52) , our results indicate that muscle is the primary tissue responsible for the insulin resistance of cirrhosis. In patients with cirrhosis insulin-me- Plasma FFA Turnover diated glucose disposal is reduced by 50% at plasma insulin levels within the high physiological range, 60-120 ,U/ml (5) (6) (7) (8) . At supraphysiological plasma insulin concentrations, > 200 ,gU/ml, some (5) but not all investigators (7, 8) have demonstrated that the defect in insulin action can be overcome. The present results are consistent with previous findings and add two further observations. First, tissue sensitivity to insulin is severely reduced even within the lower, more physiological range of plasma insulin concentrations (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) MU/ml). Second, the observed reduction of glucose disposal is entirely accounted for by a defect in nonoxidative glucose metabolism, which primarily reflects muscle glycogen synthesis (52) . The enzymatic steps involved in glucose oxidation are perfectly intact in cirrhotic individuals (Fig. 3) . Thus, the insulin resistance ofcirrhosis appears to involve a specific biochemical abnormality in the muscle glycogen synthetic pathway. Consistent with this Kruszynska et al. (53) have provided evidence that the ability of insulin to activate muscle glycogen synthase is impaired in cirrhosis. Cirrhosis is characterized by a number of abnormalities in circulating substrate and hormone concentrations including FFA (13) (14) (15) , glucagon (54) , growth hormone (55), norepinephrine (56) , and insulin itself(l-8). Moreover, an increase in each of these substrates has been shown to be associated with the development of insulin resistance. According to the "glucosefatty acid cycle" of Randle (12) , an elevated rate of free fatty acid oxidation interfers with glucose oxidation by increasing the cellular concentration of acetyl-CoA, a powerful allosteric inhibitor ofpyruvate dehydrogenase, and by altering the redox potential of the cell. Much in vivo support for the existence of the glucose/FFA cycle has been provided (28, (57) (58) (59) (60) (61) . In cirrhosis, plasma FFA levels are increased in the postabsorptive state despite the presence ofhyperinsulinemia (13) (14) (15) . Although, at least in patients with advanced alcoholic cirrhosis, the basal caloric requirements are normal, the nature of the fuels which are oxidized is altered with a shift from carbohydrate to lipid metabolism (13) . These observations suggest the possibility that enhanced Randle cycle activity could explain the insulin resistance of cirrhosis. After an overnight fast both the plasma FFA concentration and plasma FFA turnover were significantly increased in our cirrhotic patients, indicating resistance to the antilipolytic effects of insulin. However, the rate of plasma FFA oxidation was not increased (Fig. 5 ). When considered in light ofthe elevated FFA flux, the normal rate ofplasma oxidation can be viewed as relatively low and argues against the suggestion that increased Randle cycle activity can explain the insulin resistance of cirrhosis. Consistent with this, total body lipid oxidation (measured by indirect calorimetry) was normal. During the lowest dose insulin infusion step suppression of plasma FFA oxidation was modestly impaired. However, at the tyvo higher insulin infusion rates FFA oxidation decreased normally in response to insulin, and total body lipid oxidation was similar in cirrhotic and control subjects during all three insulin clamp steps. Taken together these results provide strong evidence that an increased rate of FFA/lipid oxidation cannot explain the defect in insulin action in our cirrhotic patients. Moreover, if FFA/lipid oxidation were increased, one would expect to find an impairment in glucose oxidation and this was not observed. The increase in lipid oxidation observed by other investigators (13) may reflect altered nutritional intake and a more highly catabolic state. In any case, our results indicate that at a time when insulin resistance is fully established, ele-vated plasma FFA/lipid oxidation cannot explain the defect in insulin action in cirrhotic patients with mild to moderate impairment of liver function. Lastly, it should be noted that the rate of lipid oxidation (measured by indirect calorimetry) exceeded the rate ofplasma FFA oxidation (measured by '4C-palmitate) during the basal and insulin-stimulated states. The difference between the results obtained by indirect calorimetry (which traces total body lipid oxidation) and by '4C-palmitate (which traces oxidation of plasma FFA only) indicates that a significant amount ofthe lipid which is oxidized by the body in both the basal and insulin-stimulated states is derived from intracellular stores and/or circulating VLDL, which are not traced by '4C-palmitate (62) .
Although plasma FFA oxidation was normal in our cirrhotic subjects, it is important to note that FFA metabolism was significantly altered. The fasting plasma FFA concentration was increased by 25% and correlated strongly (r = 0.93, P < 0.001) with an elevated rate of FFA turnover (Fig. 6 ). Because the basal plasma insulin concentration was increased twofold in cirrhotic patients, these results indicate a severe impairment in the antilipolytic action of insulin in the postabsorptive state. An impaired suppression of total FFA turnover, i.e., lipolysis, also was observed at the lowest insulin infusion rate (Fig. 6 ). At the two higher insulin infusion rates total plasma FFA turnover and nonoxidative FFA disposal were normally suppressed. Nonetheless, the defect in insulin-mediated glucose disposal was most obvious during the 0.5 and 1.0 mU/kg min insulin clamp periods. These observations provide further evidence for a dissociation between FFA/lipid and glucose metabolism in cirrhosis.
Despite the higher plasma FFA levels during the basal state and during the 0.1 mU/kg. min insulin clamp step, plasma FFA oxidation was not increased. This is at variance with other insulin-resistant states, i.e., diabetes mellitus and obesity, where the plasma FFA concentration is increased, and this is associated with an increased rate of FFA oxidation (28, 63) . Thus, all of the increased rate of plasma FFA disposal in cirrhotic patients was accounted for by an increase in nonoxidative FFA disposal, i.e., reesterification (Fig. 6 ). The failure to observe an increase in whole body FFA oxidation could be explained by an impairment in splanchnic FFA uptake and/or oxidation. Merli et al. have shown that in cirrhotic patients splanchnic oxygen uptake is decreased, and a greater than normal fraction of the oxygen uptake is used for ketone body synthesis, leading to a shortage of oxygen availability for FFA oxidation (64) . With respect to the increased basal rate oflipolysis, plasma catecholamines have been shown to stimulate hydrolysis of triacylglycerols in adipose tissue (65) . Although the fasting plasma epinephrine level was normal in our cirrhotic patients, the plasma norepinephrine concentration, a potent of stimulator oflipolysis (66) , was increased, and it is possible that hypernorepinephrinemia was responsible in part for the increased plasma FFA levels. Alternatively, increased mobilization ofdepot fat may simply represent resistance to the restraining effect of insulin on lipolysis. Epinephrine (67) , growth hormone (68), and glucagon (69) all impair insulin action in man. However, in agreement with previously reported results (56) the plasma epinephrine concentration was not increased in our cirrhotic patients. Although elevated plasma growth hormone levels in cirrhosis have been reported by some investigators (43) , such an increase was not observed in the present study. We did observe a modest increase in circulating glucagon levels and an impaired suppression during the insulin clamp, but a significant correlation between plasma glucagon and insulin-mediated glucose disposal could not be demonstrated. Whether the accumulation of some hepatic toxin, which normally is removed by the liver, contributes to the insulin resistance remains a possibility.
Recently, we (70) as well as others (71) have shown that a physiologic increment in the plasma insulin concentration (while maintaining euglycemia) for as little as 72 h leads to the development of insulin resistance, which is explained entirely by a defect in nonoxidative glucose disposal (70) . In the present study both the fasting and glucose-stimulated plasma insulin levels were increased twofold in cirrhosis. Moreover, both the mean insulin response during the OGTT and the fasting insulin concentration were correlated with the severity of insulin resistance during the 0.5 and 1.0 mU/kgmin insulin clamp steps (Fig. 5 ). This observation raises the interesting possibility that hyperinsulinemia per se is responsible for the defect in insulin action. The etiology of hyperinsulinemia in cirrhosis has variably been attributed to enhanced insulin secretion (4), and portocaval/intrahepatic shunting (45, 46) . Whatever its etiology, the resultant increase in circulating insulin levels causes insulin resistance by impairing nonoxidative glucose disposal. Although some controversy exists concerning insulin binding in cirrhotic patients, most investigators have found both insulin receptor number and affinity to be normal (72) . Moreover, if diminished insulin binding were responsible for the insulin resistance of cirrhosis, one would expect proportionate decreases in both glucose oxidation and glycogen synthesis and not an isolated decrease in glycogen formation, as was observed in the present study.
In summary, mild stable cirrhotic individuals are characterized by severe insulin resistance which is explained by a defect in nonoxidative glucose disposal (glycogen synthesis).
Although basal plasma FFA turnover is enhanced and fails to suppress normally in response to insulin, FFA/lipid oxidation is not augmented and increased Randle cycle activity cannot explain the defect in insulin action. Our results suggest that hyperinsulinemia per se may be responsible for the insulin resistance of cirrhosis.
